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one	of	 the	oldest	and	most	widespread	 farmed	 fish,	whose	 social	 structure	 shifts	










skin	brightness	 and	 social	 stress.	 Thus,	 the	 response	 to	 crowding	 in	Nile	 tilapia	 is	
context	dependent	and	involves	different	neuroendocrine	pathways,	depending	on	
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1  | INTRODUC TION
To	 meet	 global	 fish	 demand,	 aquaculture	 will	 need	 to	 produce	





FAWC,	2014).	But	 to	select	 fish	 that	perform	well	at	high	densi‐
ties	requires	knowledge	on	the	genetic	basis	of	social	behaviours,	
which	for	most	farmed	fish	is	lacking.	Fish	domestication	involves	
profound	changes	 in	 social	 behaviour	 (Huntingford	et	 al.,	 2006),	
but	knowledge	on	 the	expression	of	genes	underlying	 social	be‐
haviours	 has	 mostly	 focused	 on	 model	 or	 “simple”	 organisms	
(Sokolowski,	2010)	or	 in	 relation	 to	 the	production	of	 terrestrial	
livestock	(Mormède,	2005).
The	 genetic	 basis	 of	 social	 behaviours	 has	 historically	 been	





as	 it	 is	 easily	 influenced	 by	 the	 environment	 experienced	 during	
early	development	 (Fernald,	2012;	Marks,	West,	Bagatto,	Moore,	
&	 Taylor,	 2005;	 Maruska,	 2015;	 Trainor,	 Lin,	 Finy,	 Rowland,	 &	
Nelson,	2007).	 Individuals	 resort	 to	aggressive	behaviour	 to	pro‐
tect	 themselves	and	their	progeny,	 to	compete	for	 resources	and	
mating	 partners	 or	 to	 establish	 a	 social	 rank	 that	 might	 accrue	
future	 benefits	 (Nelson	&	 Trainor,	 2007).	 A	 loss	 of	 aggression	 is	
possibly	the	most	pronounced	behavioural	change	that	accompa‐



















complex	 behaviours	 affected	 by	 domestication	 (Robinson	 et	 al.,	
2008).	These	studies	have	shown	that	some	behaviours	are	orches‐
trated	by	neurohormonal	and	gene	expression	regulatory	networks	
which	 are	 largely	 conserved	 across	 vertebrates	 (Freudenberg,	
Carreño	 Gutierrez,	 Post,	 Reif,	 &	Norton,	 2016;	 Goodson,	 2005;	
O'Connell	 &	 Hofmann,	 2012).	 Yet,	 one	 outstanding	 challenge	
is	 to	 document	 how	 the	 environment	 interacts	 with	 molecular	
pathways	to	shape	variation	 in	 individual	behaviours	 (Maruska	&	
Fernald,	2014).	For	example,	studies	in	model	organisms	indicate	
that	 the	display	of	aggression	depends	on	genotype	×	social	en‐
vironment	 interactions,	 and	 that	 these	 drive	 individual	 variation	
in	agonistic	behaviours	(Gallardo‐Pujol,	Andrés‐Pueyo,	&	Maydeu‐












species	 is	 structured	 into	 social	 hierarchies	maintained	by	 agonis‐
tic	interactions	in	the	wild	(El‐Sayed,	2006),	but	under	aquaculture	










gene	expression	at	 two	contrasting	densities	 in	order	 to	disentan‐
gle	the	molecular	pathways	responsible	for	the	behavioural	changes	





2  | MATERIAL AND METHODS
2.1 | Origin and rearing of fish
A	total	of	360	mixed‐sex	three‐week‐old	Nile	tilapia	(O. niloticus,	sil‐
ver	 strain)	 were	 sourced	 from	 a	 commercial	 supplier	 (Fishgen	 Ltd)	
which	 employs	 communal	 tank	 spawning,	 typically	 involving	 four	
sires	and	12–15	dams	per	spawning	tank.	The	fish	were	acclimatized	
at	a	recirculation	fish	facility	for	3	days	and	were	then	randomly	dis‐
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We	 quantified	 the	 behaviour	 of	 tilapia	 towards	 their	 own	 mir‐
ror	 image	 using	 the	mirror	 image	 stimulation	 (MIS)	 test	 (Balzarini,	
Taborsky,	 Wanner,	 Koch,	 &	 Frommen,	 2014)	 to	 assess	 individual	
variation	 in	 aggression	 of	 fish	 reared	 at	 low	 and	 high	 densities.	
The	 lack	of	 visual	 self‐recognition	 in	 fish	 supports	 the	use	of	MIS	
to	 quantify	 aggression	 under	 repeatable	 conditions,	 unaffected	
by	chemical	 cues	 from	conspecifics	 (Balzarini	 et	 al.,	 2014;	Barreto	
















were	washed	with	90%	ethanol	 and	 rinsed	with	distilled	water	 to	
prevent	 the	build‐up	of	stress	hormones	that	might	affect	 the	be‐
haviour	 of	 subsequent	 fish	 (Roberts,	 Taylor,	 &	 Garcia	 de	 Leaniz,	






2.3 | Assessment of skin brightness
To	assess	the	extent	of	skin	brightness,	photographs	of	each	fish	were	
taken	underwater	during	the	acclimation	period	using	a	Canon	EOS	





and	end	of	 the	dorsal	 fin,	 and	 compared	 to	 the	background	colour	
standard.	From	this,	background‐corrected	average	greyscale	values	






















aggressive	and	six	 least	aggressive	 individuals	on	 the	basis	of	 their	
MIS	scores	(n	=	24)	and	selected	only	males	to	reduce	unwanted	vari‐




















v0.11.2	 (Andrews,	 2010),	 we	 mapped	 mRNA‐seq	 reads	 using	 the	
Tophat	 2.1.1	 and	Cufflinks	 2.2.1	 (Linux	 ×86‐64)	 pipeline	 (Trapnell	
et	 al.,	 2012)	 to	 the	 available	 tilapia	 (O. niloticus)	 genome	assembly	





generated	 reads,	 and	 70%	of	 these	were	mapped	 to	 Ensembl	 an‐
notated	coding	regions.	Using	uniquely	mapped	reads	from	Tophat,	
read	counts	per	exon	were	obtained	using	the	summarize	overlaps	


















To	model	 the	 effect	 of	 rearing	density	 on	 activity	 and	 agonis‐
tic	 interactions	 (both	 count	 data),	 we	 employed	 a	 generalized	 lin‐
ear	mixed	model	(GLMM)	with	a	Poisson	log‐link	while	statistically	
controlling	for	the	effects	of	body	mass	and	sex.	We	corrected	for	
overdispersion	 using	 fish	 identity	 nested	 within	 tank	 to	 generate	
a	 random	 effect	with	 one	 level	 per	 observation	 using	 the	 lme4 R 
package	(Bates,	Maechler,	Bolker,	&	Walker,	2014),	as	suggested	by	










of	DeSeq2,	 using	 default	 parameters	 to	 optimize	model	 sensitivity	
and	 improve	 computational	 speed	 (Love	et	 al.,	 2014).	As	 the	num‐
ber	 of	 attacks	 and	 extent	 of	 body	 brightness	 differed	 significantly	











Ensembl	 genes	were	used	 for	exploratory	and	differential	 expres‐
sion	analysis.	PCA	inspection	showed	no	obvious	clustering	by	den‐






(Landau	&	 Liu,	 2013).	 Therefore,	 as	 recommended	 for	 such	 cases	
within	DESeq2	analysis	(Love	et	al.,	2014),	we	modelled	gene	expres‐
sion	separately	 for	 the	two	heterogenous	groups	 (most	aggressive	
and	least	aggressive	fish)	using	density,	number	of	attacks	and	skin	
brightness	 (and	 their	 interactions)	 as	 predictors.	 For	 comparisons,	
we	also	 include	 the	pooled	 results	using	aggression	as	 a	 categori‐
cal	variable	in	a	2‐way	ANOVA	(i.e.,	gene	expression	~	density	+	ag‐
gression	 group	 +	 density:	 aggression	 group)	 as	 supplementary	
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Body	 mass	 was	 unaffected	 by	 rearing	 density	 (p	 =	 0.204)	 or	 the	
interaction	 between	 density	 and	 sex	 (p	 =	 0.827),	 but	males	were	
27%	larger	than	females	(LM	estimate	for	males	=	8.30,	SE	=	2.16,	























were	 significantly	 more	 active	 (mean	 number	 of	 crosses	 =	 19.55,	





Aggression,	measured	 as	 number	 of	 agonistic	 interactions	 against	
the	mirror,	was	unrelated	to	body	mass	(p	=	0.750)	or	sex	(p	=	0.514),	
but	 fish	 reared	 at	 low	 density	 were	 significantly	 more	 aggressive	
(mean	number	of	interactions	=	28.63,	SE	=	5.93)	than	those	reared	
at	high	density	(mean	number	of	interactions	=	7.11,	SE	=	2.09),	while	
statistically	 controlling	 for	 tanks	 effects	 (GLMM	 estimate	 for	 low	
density	=	3.103,	SE	=	0.887,	z	=	3.498,	p	<	0.001;	Figure	3c).
F I G U R E  2  Relationship	between	body	weight	and	brain	
weight	in	Nile	tilapia	reared	at	low	and	high	density	(density	effect	
t94	=	−2.54,	p	=	0.013)
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3.6 | Transcriptional analysis (RNA‐seq)
We	 examined	 the	 effects	 of	 rearing	 density,	 aggression	 intensity	
(number	 of	 attacks)	 and	 skin	 darkening	 (and	 their	 interactions)	 as	
predictors	of	gene	expression	in	the	brain	of	the	most	and	least	ag‐











a	 gene	 that	 encodes	 for	 a	 hormone	 involved	 in	 numerous	 cellular	
process,	 jarid2b—involved	 in	 transcription	and	histone	methylation	
regulation,	 krt5—involved	 in	 the	 immune	 response	 and	 bag6l—in‐
volved	in	apoptosis	and	cellular	stress.	The	expression	of	19	genes	
showed	 significant	 aggression	 ×	 density	 interactions,	 including	








interactions	 in	gene	expression	 included	density	×	 skin	brightness	
(three	genes)	and	number	of	attacks	×	skin	brightness	 (five	genes,	
Table	1).
Among	nonaggressive	 fish,	38	genes	were	 significantly	 associ‐
ated	with	skin	brightness,	being	 in	most	cases	upregulated	among	
dark	 fish	and	downregulated	among	pale	ones	 (Table	1).	These	 in‐
cluded	genes	 involved	 in	 the	stress	 response	and	 ion	homeostasis	
(oxt, avp),	 neuropeptides	 involved	 in	 feeding	 behaviour	 (grp, hcrt),	
and	several	genes	that	coded	for	hormone	receptors,	including	the	
thyrotropin‐releasing	 hormone	 (trh)	 and	neurotensin	 (nts)	 involved	






Fish	 domestication	 is	 thought	 to	 be	 constrained	 by	 the	 capacity	
of	 individuals	to	adapt	to	high	densities	 in	captivity	 (Ashley,	2007;	
Huntingford	&	Adams,	 2005),	 and	our	 study	 shows	 that	 one	 con‐
sequence	of	crowding	in	Nile	tilapia	is	the	inhibition	of	aggression,	
a	process	that	we	found	was	associated	with	the	expression	in	the	
hypothalamus	 of	 stress‐related	 genes.	 Stress	 has	 a	 profound	 ef‐
fect	 on	 the	 hypothalamic–pituitary–interrenal	 (HPI)	 axis	 and	 the	
neuroendocrine	 response	 of	 zebrafish	 (Pavlidis,	 Sundvik,	 Chen,	 &	
Panula,	2011;	Pavlidis,	Theodoridi,	&	Tsalafouta,	2015),	but	the	tran‐











actions	 in	many	 fish	 (Ashley,	 2007)	 and	 in	 species	 such	 as	 tilapia,	




maintained	 by	 agonistic	 interactions	 at	 low	 density	 and	 chronic	
stress	caused	by	crowding	at	high	density.
Although	 only	 a	 relatively	 small	 number	 of	 genes	were	 differ‐
entially	 expressed	 in	our	 study,	 this	 is	 common	 in	 studies	of	 gene	
expression	in	the	brain	and	can	be	explained	by	the	wide	range	of	






ing	 (isolated)	 individuals	 (Malki	 et	 al.,	 2016),	 seven	 of	which	were	
homologous	to	those	differentially	expressed	in	aggressive	and	non‐
aggressive	mice.
Of	 the	 various	 genes	 that	 were	 differentially	 expressed	 be‐
tween	high	and	 low	density	among	aggressive	 individuals,	 soma‐
tostatin	(sst1)	has	previously	been	linked	to	aggression	in	fish	(Filby	
et	al.,	2010;	Trainor	&	Hofmann,	2006),	but	the	link	is	complex	and	
appears	 to	 be	 species‐specific.	 Thus,	 while	 upregulation	 of	 sst 
was	found	to	inhibit	aggression	in	the	African	cichlid	Astatotilapia 
burtoni	 (Trainor	&	Hofmann,	2006),	 a	 species	 that	 switches	 from	
territorial	 to	nonterritorial	depending	on	 the	 social	 environment,	




somatostatin	on	 aggression	 in	Nile	 tilapia,	 as	 seen	 in	other	 cich‐
lids	(Hofmann	&	Fernald,	2000;	Trainor	&	Hofmann,	2006,	2007).	
Thus,	sst1	appears	to	be	one	of	the	key	genes	regulating	the	dif‐
ferent	 response	 of	 species	 to	 crowding.	 The	 two	 other	 density‐
dependent	 genes	 differently	 expressed	 among	 aggressive	 fish,	
pomca and fosab,	are	both	involved	in	the	stress	response	(Eissa	&	
Wang,	2016),	and	their	expression	 in	our	study	depended	on	the	
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interaction	between	 rearing	density	and	aggression.	We	 found	a	
negative	 association	 between	 pomca	 expression	 and	 number	 of	
attacks	at	high	density,	but	a	positive	association	at	 low	density.	
As	 pomca	 encodes	 a	 preproprotein	 whose	 proteolytic	 products	
include	adrenocorticotropin	(ACTH),	which	stimulates	cortisol	se‐
cretion	(Bornstein	&	Chrousos,	1999),	this	suggests	that	elevated	









ness)	was	 significantly	 associated	with	 high	 density,	 adding	 sup‐
port	 to	 the	 idea	 that	body	darkening	 is	a	good	proxy	 for	chronic	
stress	in	Nile	tilapia	(Champneys	et	al.,	2018),	as	seen	in	other	fish	
(Höglund	et	al.,	2000).	In	zebrafish,	aggressive	individuals	are	also	
darker,	while	 those	that	exhibit	 fear	become	paler	 (Gerlai,	Lahav,	
Guo,	&	Rosenthal,	2000),	which	serves	to	highlight	the	relationship	
that	exists	between	social	stress,	skin	darkening	and	aggression.
An	 interaction	 between	 rearing	 density	 and	 aggression	 was	





2015)	 and	 aggression	 (Davis	&	Marler,	 2004;	Haller,	 Tóth,	Halasz,	





at	 high	 density.	 Aggression	 is	 influenced	 by	 genotype	 ×	 environ‐
ment	 interactions,	notably	social	 stress,	 in	mammals	and	 fish	alike	
(Zabegalov	et	al.,	2019),	and	many	genes	that	have	been	associated	
with	aggression	and	stress	in	mammalian	studies	respond	in	a	similar	





on	 fish,	 usually	 associated	with	 increased	 chronic	 stress	 (Brown	&	
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Shahidi,	 1997;	 Van	 der	 Salm,	 Martinez,	 Flik,	 &	Wendelaar	 Bonga,	
2004;	 Zeng	 et	 al.,	 2010).	 Among	 nonaggressive	 fish,	 we	 found	 a	
negative	association	between	brightness	and	the	expression	 in	the	
hypothalamus	 of	 several	 important	 neuropeptides,	 hormones	 and	
hormone	 receptors,	 including	 the	 gastrin‐releasing	 peptide	 (grp),	
hypocretin/orexin	neuropeptide	precursor	 (hcrt),	oxytocin	 (oxt),	va‐
sopressin	 (avp),	 thyrotropin‐releasing	 hormone	 (trh),	 parathyroid	
hormone	 1	 receptor	 (pth1ra)	 and	 the	 growth	 hormone‐releasing	
hormone	receptor	(ghrhrl).	All	these	genes	have	previously	been	re‐
ported	 to	be	upregulated	 in	stressed	or	subordinate	 fish	 (Balment,	
Lu,	Weybourne,	&	Warne,	2006;	Bernier,	2006;	Jezova,	Skultetyova,	
Tokarev,	Bakos,	&	Vigas,	1995;	Pavlidis	et	al.,	2011,	2015).	The	ex‐




1996),	and	a	common	response	to	stress	 is	an	 increase	 in	prolactin	








ual	 (Koolhaas,	 De	 Boer,	 Coppens,	 &	 Buwalda,	 2010;	 Koolhaas	 et	
al.,	1999).	Thus,	the	response	along	the	HPI	axis	can	be	viewed	as	






gesting	 that	 different	 neuroendocrine	 pathways	may	 be	 involved.	
The	 existence	 of	 significant	 interactions	 between	 rearing	 density	






facilitate	 the	 selective	 breeding	 of	 nonaggressive	 individuals	with	
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